BacUlus brevis 47 contains two surface (S)-layer proteins, termed the outer wall protein (OWP) and the middle wall protein (MWP), which form a hexagonal array in the cell wall. The MWP and OWP genes are contained in the 9-kilobase-pair (kbp) Bcll fragment and constitute an operon under coordinate control of their expression. The nucleotide sequence of a 3.8-kbp EcoRI-SacI fragment containing the entire MWP gene has been determined in this study. Together with the DNA sequence of the promoter region for the MWP-OWP gene operon (H. Yamagata, T. Adachi, A. Tsuboi, M. Takao, T. Sasaki, N. Tsukagoshi, and S. Udaka, J. Bacteriol. 169:1239Bacteriol. 169: -1245Bacteriol. 169: , 1987 168:365-373, 1986), the complete nucleotide sequence of the MWP-OWP gene operon has been determined. The MWP gene encodes a secretory precursor of the MWP, consisting of a total of 1,053 amino acid residues with a 'signal peptide of 23 amino acid residues at its amino-terminal end. Bacillus subtilis harboring the MWP gene synthesized an immunoreactive polypeptide with almost the same molecular weight as the authentic MWP, as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The amino acid compositions deduced from the MWP and OWP genes were similar to the chemical amino acid compositions of other S-layer proteins in the predominance of acidic amino acids compared with basic'amino acids and in the very low content of sulfur-containing amino acids. The acidic nature of the MWP and OWP'was confirmed by isoelectric focusing on polyacrylamide gels. In addition, circular dichroism spectra indicated that the S-layer proteins in B. brevis 47 were composed of approximately 30% ,8-sheet and 59o o-helical structures, with the remainder of the polypeptide backbone being aperiodic in nature.
Bacteriol. 169: [1239] [1240] [1241] [1242] [1243] [1244] [1245] 1987) and that of the OWP gene (A. Tsuboi , R. Uchihi, R. Tabata, Y. Takahashi, H. Hashiba, T. Sasaki, H. Yamagata, N. Tsukagoshi, and S. Udaka, J. Bacteriol. 168: [365] [366] [367] [368] [369] [370] [371] [372] [373] 1986 ), the complete nucleotide sequence of the MWP-OWP gene operon has been determined. The MWP gene encodes a secretory precursor of the MWP, consisting of a total of 1,053 amino acid residues with a 'signal peptide of 23 amino acid residues at its amino-terminal end. Bacillus subtilis harboring the MWP gene synthesized an immunoreactive polypeptide with almost the same molecular weight as the authentic MWP, as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The amino acid compositions deduced from the MWP and OWP genes were similar to the chemical amino acid compositions of other S-layer proteins in the predominance of acidic amino acids compared with basic'amino acids and in the very low content of sulfur-containing amino acids. The acidic nature of the MWP and OWP'was confirmed by isoelectric focusing on polyacrylamide gels. In addition, circular dichroism spectra indicated that the S-layer proteins in B. brevis 47 were composed of approximately 30% ,8-sheet and 59o o-helical structures, with the remainder of the polypeptide backbone being aperiodic in nature.
Many gram-positive and gram-negative bacteria, including many archaebacteria, possess a paracrystalline surface (S) layer as the outermost component of their cell envelopes (34) . Taking into account the presence of the regular S layer at the interface between a cell and its environment, it may not only function as a protection barrier against environmental hazards, such as lytic enzymes (25, 33) and heavy metals (3) , but may also play a role in controlling the influx of nutrients or the efflux of metabolites. The S layers of many bacteria have been examined in terms of their morphology, chemistry, and assembly (31, 32, 34) , and it was found that in most cases, the S layers are composed of protein or glycoprotein subunits, which are arranged on the cell surface in a regularly repeating hexagonal, tetragonal, or linear pattern.
Bacillus brevis 47 has a morphologically unique threelayered cell wall structure consisting of two protein layers and a peptidoglycan layer (50) , similar to that of Bacillus sp. strain C.I.P. 76-111 (21) . The outer two protein layers, termed the outer and middle wall layers, are composed of protein subunits, the outer wall protein (OWP) and the middle wall protein (MWP), respectively (41, 50) . The OWP and MWP form a hexagonal array with a lattice constant of 14.5 nm in the cell wall layers (41, 45) . The OWP and MWP after dissociation into subunits with 8 M urea can reassemble onto a peptidoglycan layer and self-assemble into cylinders in vitro in the presence of Mg2+ (41) .
To elucidate both the precise properties of the two cell * Corresponding author.
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wall proteins and the mechanisms involved in their biosynthesis, translocation across the cytoplasmic membrane, and assembly onto the external cell surface, we cloned the genes coding for these proteins into Escherichia coli or Bacillus subtilis (42, 44, 51) . Nucleotide sequence analysis of the cloned DNA fragments revealed that the MWP and OWP genes are contained in the 9-kilobase-pair (kbp) BclI fragment and aligned in that order on the B. brevis 47 genome (42,' 51) . Furthermore, both Northern (RNA) blot analysis and Si mapping analysis' of B. brevis 47 mRNA revealed that the MWP and OWP genes constitute a cotranscriptional unit and are transcribed from several tandem promoters located upstream of the MWP gene (42, 51) .
In the previous paper, we reported the complete nucleotide sequence of the OWP gene (42) . In this study, we determined the complete nucleotide sequence of the MWP gene and examined its expression in B. subtilis by constructing a plasmid, pMWP1, containing the entire MWP gene. We will also describe the characteristics of the MWP and OWP, namely, the deduced amino acid compositions and the predicted secondary structures, in comparison with those of other S-layer proteins.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. B. brevis 47 was grown in T2 medium (50) . E. coli DH1 (12) (Fig. 1A) . The resultant plasmid, pCWP300 ( ATG at nucleotides 208 to 210 and terminates in the TAA nonsense codon at nucleotides 3367 to 3369, whereas the shorter ORF starts from the codon GTG at nucleotides 3497 to 3499 and truncates in the codon CTC at nucleotides 3749 to 3751 (Fig. 2) .
The longer ORF, consisting of 3,159 bp, encodes a protein of 1,053 amino acid residues with a molecular weight of 117,145. The amino acid composition deduced from the nucleotide sequence significantly resembles that of the purified MWP (Table 1) . Furthermore, the NH2-terminal amino acid sequence of the MWP determined by Edman degradation (17) , Ala-Glu-Glu-Ala-Ala-Thr-Thr-Thr-Ala, was in complete agreement with that predicted from the nucleotide sequence starting at GCA (nucleotides 277 to 279, Ala) (Fig.  2) . These results demonstrated that the longer ORF is the coding sequence for the MWP.
The shorter ORF downstream of the MWP gene encodes the NH2-terminal portion of the OWP, as described previously (42) .
Expression of the MWP gene in B. subtilis. To demonstrate further that the longer ORF in the 3.8-kbp EcoRI-SacI fragment ( Fig. 2 ) corresponds to the MWP gene, we constructed a plasmid, pMWP1, which contains the entire coding sequence of the MWP gene, in B. subtilis with a low-copy-number plasmid pHW1-E, as follows. The 0.7-kbp EcoRI-HindIII, 0.8-kbp HindIII-ClaI and 2.2-kbp ClaI-SacI fragments were prepared from the inserts on pCWP1, pCWP300, and pCWP2, respectively ( Fig. 1A and B) . Then, these three fragments were ligated with a plasmid, pHW1-E, which had been cleaved with both EcoRI and Sacl, and treated with bacterial alkaline phosphatase. The ligated DNA was used for the transformation of B. subtilis RM141 to erythromycin resistance. About 60% of the transformants reacted with the anti-MWP serum (data not shown). A plasmid, pMWP1, carried by one of these positive clones was subsequently analyzed. The restriction map for the insert on pMWP1 (Fig. 1A) agreed with that of the MWP gene on the B. brevis 47 genome (Fig. 1B) . Then, the products of B. subtilis carrying the MWP gene were examined by immunoblot analysis. The results revealed that pMWP1-carrying B. subtilis synthesized an immunoreactive polypeptide with almost the same molecular weight as that of authentic MWP, as judged by sodium dodecyl sulfate-PAGE (Fig. 3) . The amount of the polypeptide was small (about 0.5% of the total protein in the cell lysate), and it was detected predominantly intracellularly. In addition, a part of the immunoreactive polypeptide appears to be degraded by an intracellular protease in B. subtilis, since a number of bands were detected below the position of the authentic MWP (Fig. 3) .
Codon usage of the MWP and OWP genes. The cell wall proteins of B. brevis 47 are present on the cell surface in as high quantities as other S-layer proteins (about 5 x 105 molecules per cell; 34). The codon usage of the MWP and OWP genes and the percent codon usage of several sequenced E. coli (11) and B. subtilis (26) genes are shown together in Table 2 ; the most abundant tRNAs in E. coli (18) are also shown (published data are not available on the tRNA levels in B. brevis or in closely related B. subtilis).
The codon usages for the MWP and OWP closely resemble each other and except for Pro (CCG) and Gln (CAG) are similar to that for several abundant proteins in E. coli (11) , whereas the frequency of codons used in 21 chromosomal genes from B. subtilis (26) away from particular codons ( Table 2 ). The frequently used codons for the abundant proteins in E. coli (11) match the major tRNA species (18) for each amino acid. These results suggested that the MWP and OWP genes might selectively use codons corresponding to major tRNA species in B. brevis 47, as in the cases of the highly expressed genes in E. coli, such as outer membrane lipoprotein (9).
Deduced amino acid compositions and secondary structures for the MWP and OWP. The deduced amino acid composition of the MWP shows good agreement with that of the OWP, except for Arg, Asp, Thr, and Ala (Table 1 ). The only sulfur-containing amino acid is methionine in both proteins. The MWP and OWP contain high proportions of hydrophobic amino acids (41 and 44%) and are enriched in acidic amino acids (21 and 14%) compared with basic amino acids (15 and 11%), respectively. To determine whether or not both proteins have an acidic nature, isoelectric focusing-PAGE was performed as described above. Single major isoelectric forms of the MWP and OWP were observed at pI 3.8 and 3.7, respectively (Fig. 4) .
The charge distribution in the deduced amino acid sequence (Fig. 5) indicates that the regions where the sum of net charges over successive 20 amino acids, measured at 10 amino acid intervals, is highly negative are more abundant in the MWP than the OWP, and that they are located mainly in the carboxy termini of both proteins. These regions appear to play a crucial role in interaction between the OWP and MWP and also between the MWP and the peptidoglycan layer through ionic bonding involving divalent cations, such as Mg2+. In addition, the deduced amino acid sequences for the MWP and OWP were analyzed by the computerized method of Kyte and Doolittle (19) for hydropathy, the analysis of which averages the hydrophobicity and hydrophilicity of segments of the protein (nonamers in Fig. 5 ) at each residue. The amino-terminal sequences for the two proteins appear to be extensive hydrophobic regions (Fig. 5) , that correspond to the signal sequences (Table 3) . No other hydrophobic domains equivalent to the amino-terminal hydrophobic regions are present in the MWP and OWP. The hydrophilic regions of the MWP are more numerous and more extensive, in both amplitude and length, than those of the OWP. These results suggested that the MWP making up the middle wall layer should be more hydrophilic as a whole than the OWP making up the outermost layer in the B. brevis 47 cell wall.
A B C pI (26) and for typical highly expressed genes in E. coli (11) . b The most abundant E. coli tRNAs (18) .
To determine the secondary structure contents of the MWP and OWP, we measured the CD spectra of the purified proteins as described above (Fig. 6 ). The accordance between the experimental and computed curves for both proteins was relatively satisfactory between 204 and 240 nm (Fig. 6) . Calculations of the secondary structure compositions based on the equation of Chang et al. (6) indicated that the MWP and OWP contain a-helix (respectively, 5 and 4%), p-structure (27 and 26%), p-turn (44 and 44%), and random coil (24 and 26%). On the other hand, Chou and Fasman analysis (8) of the secondary' structure indicated that the MWP and OWP have the predicted a-helical (respectively, 43 and 33%), p-sheet (31 and 39%), p-turn (17 and 17%), and random coil (9 and 11%) regions (Fig. 5) . The p-sheet contents, estimated from the two analyses of the MWP and OWP, were similar, whereas the a-helix contents of the two proteins, estimated from the CD spectra, were much lower than those predicted with the method of Chou and Fasman (8) . The results of the latter analysis also indicated that the MWP contains some extensive a-helical domains in the sequence, whereas the OWP contains some p-sheet clusters in its center (Fig. 5) .
DISCUSSION
We reported the complete nucleotide sequence of the gene for the MWP, which is composed of one of the B. brevis 47 paracrystalline S layers with a hexagonal array. Together with the DNA sequence of the promoter region for the MWP-OWP gene operon (51) ;' t 's .
--E *fT * -ui F *i u -n ii ii Amino acid number Charge distribution indicates the sum of net charges over successive 20 amino'acids, measured at 10 amino acid intervals. Hydropathy index for each residue was determined at a span setting of 9, according to the algorithm developed by Kyte and Doolittle (19) . The predicted protein secondary structure was determined by the method of Chou and Fasman (8) .
site (GUG, Fig. 2) for the OWP gene. The second translation initiation site appears to be mainly used in the synthesis of the MWP, as described previously (51), suggesting that the precursor of the MWP should have a signal peptide of 23 amino acid residues and be processed at the specific cleavage site between Ala-Ala, residues (nucleotides 274 to 279, Fig. 2) , resulting in the formation of the mature MWP, which consists of 1,030 amino acid residues with a molecular weight of 114,830. The putative signal sequence of the MWP, which is highly homologous to that of the OWP, shares common features with other well-characterized signal sequences (48) , that is, a basic amino-terminal domain, followed by a hydrophobic domain (Table 3) . From among the signal sequences of extracellular proteins in bacilli (24, 37, 38, 46) , examples fairly homologous to those of the cell wall proteins are aligned in Table 3 . Though the MWP and OWP are synthesized as secretory precursors, like the extracellular enzymes of bacilli, these proteins are not excreted into the medium but are integrated into the cell surface layers through interaction with one another and also with the peptidoglycan (41, 50). proteins (Table 1 ) exhibit several common features: the high proportion of acidic amino acids compared with basic amino acids, the high content of hydrophobic amino acids, the very low content of Met, His, and Trp, and the absence of Cys.
The chemical amino acid compositions of other S-layer proteins from eubacteria and archaebacteria (34) also show a predominance of acidic amino acids and low content of sulfur-containing amino acids. The acidic property of the cell wall'proteins in B. brevis 47 was confirmed, as it was for several purified S-layer proteins, by isoelectric focusing (4, 13, 35, 39) . The isoelectric points of the OWP and MWP, estimated to be 3.7 to 3.8 (Fig. 4) , were in good agreement with those of the S-layer glycoproteins from Clostridium thermosaccharolyticum, calibrated to be 3 through 3.8 (35) .
The secondary structures of the MWP and OWP, as estimated by CD (Fig. 6 ), closely resembled each other and were composed of 4 to 5% a-helix, 26 to 27% p-structure, 44% P-turn, and 24 to 26% random coil. Nearly identical results were obtained by Bingle et al. (4) for the S-layer protein from Azotobacter vinelandii, by means of CD, which was estimated to contain negligible a-helical structure, about 35% p-structure, and a high level of aperiodic' structure. Our results are also somewhat similar to the results for the S-layer protein of Deinococcus (Micrococcus) radiodurans of Baumeister et al. (2), who used infrared spectroscopy to estimate the protein secondary structure. Our results, obtained from CD spectra (Fig. 6) were significantly different in the a-helix content from those predicted by the method of Chou and Fasman (8) (Fig. 5) . On the other hand, both the reassembly of the MWP and OWP onto the peptidoglycan layer and the self-assembly of these proteins into cylinders are dependent on divalent cations, such as Mg2+ (41 (10) showed that these'S-layer proteins appear to have domain structures, such as core, arm, and spur domains, which are quite different from each other. Apart from some equivalence in the domain structure, the S-layer proteins of these bacteria appear to have remarkably similar secondary structure compositions, that is, 30 to 35% of 13-structure and, presumably, small amounts of a-helix (1, 10) . The correlation of secondary structure with certain domains, however, remains to be clarified. To establish the structural relationships among S layers, information on the primary protein structures is essential, in addition to three-dimensional studies.
In a recent study, we found that the MWP synthesized in B. subtilis harboring pMWP1 (Fig. 1) possesses the ability to reassemble onto the B. brevis 47 peptidoglycan layer in vitro in the presence of Mg2" to form a hexagonal array (Uchihi et al., manuscript in preparation), as the MWP purified from B. brevis 47 does (41). We are now in the process of constructing a number of mutant MWP genes with the carboxyterminal portion deleted to various extents in B. subtilis. In vitro reconstitution experiments using the mutant MWPs prepared from B. subtilis carrying the mutant MWP genes should help us to determine which domain in the MWP is essential for the reassembly onto the peptidoglycan or for the formation of a hexagonal array.
